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OPTICALLY BOOSTED ROUTER 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

This application claims the bene?t of the priority of US. 
Provisional Application Ser. No. 60/334,673, ?led Nov. 15, 
2001 and entitled “METHOD TO FORWARD INTERNET 
PACKETS WITHOUT CONVERSION FROM AN OPTI 
CAL TO AN ELECTRONIC FORMAT”. 

STATEMENT AS TO FEDERALLY SPONSORED 
RESEARCH 

The invention described herein Was made in the perfor 
mance of Work under Defense Advanced Research Projects 
Agency (DARPA) contract #MDA972-99-C-0022, and is 
subject to the provisions of Public LaW 96-517 (35 USC 
202) in Which the contractor has elected to retain title. 

BACKGROUND 

The present application describes systems and techniques 
relating to handling packets de?ned by optical signals in a 
machine network. 
A machine network is a collection of nodes coupled 

together With Wired and/or Wireless communication links, 
such as coax cable, ?ber optics and radio frequency bands. 
A machine netWork may be a single netWork or a collection 
of netWorks (e. g., an internetWork, such as the Internet), and 
may use multiple netWorking protocols, including intemet 
Working protocols (e.g., Internet Protocol (IP)). These pro 
tocols de?ne the manner in Which information is prepared 
for transmission through the netWork, and typically involve 
breaking data into segments generically knoWn as packets 
(e. g., IP packets, ATM (Asynchronous Transfer Mode) cells) 
for transmission. A node may be any machine capable of 
communicating With other nodes over the communication 
links using one or more of the netWorking protocols. 

The netWorking protocols are typically organized by a 
netWork architecture having multiple layers, Where each 
layer provides communication services to the layer above it. 
A layered netWork architecture is commonly referred to as a 
protocol stack or netWork stack, Where each layer of the 
stack has one or more protocols that provide speci?c ser 
vices. The protocols may include shared-line protocols such 
as in Ethernet netWorks, connection-oriented sWitching pro 
tocols such as in ATM netWorks, and/or connectionless 
packet-sWitched protocols such as in IP. 

Typically, many of the sub-netWorks in a netWork are 
Wire-based electronic netWorks. But for long-haul connec 
tions, the netWorks being used are increasingly ?ber-based 
optical netWorks (e.g., SONET and Synchronous Digital 
Hierarchy (SDH) based netWorks) connected With existing 
netWorks. IP routers are currently used in such optical 
netWorks. Many such routers receive packets as optical 
signals, convert them to electronic signals, compare desti 
nation addresses to a list of addresses or address pre?xes in 
a forWarding table, modify their headers, send the packets to 
selected output interfaces, and convert back to optical sig 
nals. 

In optical netWorks, Wavelength-division multiplexing 
(WDM) can be used to increase link speeds. Often associ 
ated With WDM is the idea of an “all-optical netWor ,” 
Which offers ingress-to-egress transport of data Without 
intervening optelectronic conversions, thus promising 
potential reductions in end-to-end latency and data loss as 
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Well as potential improvements in throughput. Some routers 
have been enhanced by Wavelength-selective optical cross 
connect sWitches and label-sWitching softWare, Which maps 
?oWs of IP packets to lightpaths of WDM channels created 
dynamically betWeen speci?c packet-forwarding endpoints. 
Label sWitching for optical netWorks is being developed as 
various standards such as Multiprotocol Label SWitching 
(MPLS), Multiprotocol Lambda SWitching (MPXS) and 
Simple Wavelength Assignment Protocol (SWAP). 

In an attempt to overcome the high latency of lightpath 
establishment typical in optical label sWitching, optical burst 
sWitching (OBS) and Terabit Burst SWitching (TBS) have 
been considered as alternative methods of exploiting WDM. 
The ?rst of a stream of packets destined for one address can 
blaZe a path through the netWork by setting up segments of 
the lightpath as it is being electronically routed, succeeding 
packets in the stream use this lightpath, and the lightpath is 
torn doWn later, either by a packet or implicitly by a 
time-out. 

SUMMARY 

The present application includes systems and techniques 
relating to an optically boosted router. According to an 
aspect, an optical signal de?ning a packet of data is received, 
electronic routing of the optical packet is initiated, and 
optical routing of the optical packet is initiated. The optical 
routing involves determining forWarding information based 
on a routing ?eld in the optical packet, and if optical 
forWarding is available, terminating the electronic routing of 
the packet before completion of the electronic routing, and 
forWarding the optical signal, Which de?nes the packet, 
based on the determined forWarding information. 

Details of one or more embodiments are set forth in the 
accompanying draWings and the description beloW. Other 
features and advantages may be apparent from the descrip 
tion and draWings, and from the claims. 

DRAWING DESCRIPTIONS 

FIG. 1 is a block diagram illustrating an example opera 
tional environment for an optically boosted router. 

FIG. 2 is a How chart illustrating example optical packet 
forWarding in parallel With electronic-based packet forWard 
ing. 

FIG. 3 is a block diagram illustrating an example optically 
boosted router. 

FIG. 4 is a block diagram illustrating example compo 
nents of an optically boosted router. 

FIG. 5 is a functional block diagram illustrating compo 
nents of an optically boosted router. 

FIG. 6 is a block diagram illustrating components of an 
example optically boosted router. 

FIG. 7 is a block diagram illustrating components of an 
example booster module for use in an optically boosted 
router, such as shoWn in FIG. 6. 

FIG. 8 shoWs a conceptual diagram of an optical TTL 
decrement module. 

FIG. 9 shoWs binary subtraction via insertion of conjugate 
data. 

FIG. 10 shoWs an example setup of an optical TTL 
decrement module. 

FIG. 11 shoWs example optical spectrum at the output of 
periodically-poled lithium-niobate Waveguides. 
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DETAILED DESCRIPTION 

The systems and techniques described here relate to 
handling packets de?ned by optical signals in a machine. As 
used herein, the term “machine netWor ” includes all net 
works in Which a node may send packetiZed communica 
tions to another node, including subnets and inter-netWorks, 
such as the Internet. 

FIG. 1 is a block diagram illustrating an example opera 
tional environment for an optically boosted router 130. The 
optically boosted router (OBR) 130 connects multiple opti 
cal links 120. The optical links 120 connect With netWorks 
110, Which may use one or more netWork protocols, such as 
Ethernet protocol, Internet Protocol (IP), and/or Asynchro 
nous Transfer Mode (ATM). The optical links 120 and the 
netWorks 110 provide communication links for multiple 
netWork access devices 100. For example, the optical links 
120 and the OBR 130 can together form part of a Wide-area 
backbone netWork composed of IP routers connected by one 
terabit per second links (e.g., optical ?bers). 

The optically boosted router 130 may increase the rate at 
Which packets, such as IP packets (e.g., IPv4 packets, IPv6 
packets), can be forWarded from an incoming optical inter 
face to an outgoing optical interface. In common netWork 
traf?c situations, a signi?cant portion of incoming optical 
packets can be forWarded by the OBR 130 Without requiring 
a full conversion of the optical packets to electronic packets 
and back to optical packets, While still alloWing such elec 
tronic-based routing as a backup. 

The optically boosted router 130 can minimiZe optoelec 
tronic conversions, increase the number of packets pro 
cessed in a given time period, and reduce the time that a 
packet spends in the router. The optically boosted router 130 
can be built as a single device or as a collection of tWo or 

more devices. For example, an optical router can be added 
to an electronic router to create the optically boosted router 
130. The optically boosted router 130 can avoid the dif? 
culties associated With MPLS/MPKS and With optical burst 
sWitching; in particular, netWork performance can be 
improved Without requiring contiguous paths of burst-ca 
pable or MPLS/MPkS-capable routers. 
By implementing an optical router (i.e., an optical 

booster), using the systems and techniques described, as an 
add-on component to an existing router, prior investment in 
existing equipment can be preserved While boosting the 
overall capacity and performance of the existing router. For 
example, an optical router can be integrated With a conven 
tional (mostly electronic) Internet router, resulting in an 
Internet router that may forWard packets from a terabits per 
second link Without internal congestion or packet loss. The 
electronic router (i.e., base router) can be modi?ed to alloW 
for routing-cache updates and packet deletions; the control 
of the base router is modi?ed to defer to the optical router 
When transmitting a packet. Such an optically boosted router 
may be an inexpensive, straightforWard upgrade that can be 
deployed readily in backbone IP netWorks, and may provide 
optical processing throughput even When not deployed ubiq 
uitously. 
As used herein, both an “optically boosted router” and an 

“optical router” refer to an optical-packet forWarding device 
and/or system, and both are referred to as systems beloW, 
even though they may be implemented as stand alone 
devices or combinations of separate devices. Additionally, 
the term “router” refers to any machine used to selectively 
forWard packetiZed data on tWo or more output links. 

FIG. 2 is a How chart illustrating example optical packet 
forWarding in parallel With electronic-based packet forWard 
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4 
ing. An optical signal de?ning a packet of data is received 
at 200. Electronic routing of the packet is initiated at 210. 
This electronic routing can involve converting the optical 
signal to an electronic signal, identifying a routing ?eld 
(e.g., a destination address, part of a destination address) in 
the packet, and forWarding the packet based on the routing 
?eld and a forWarding table. Such forWarding can involve 
converting the electronic signal into a neW optical signal, 
after any appropriate processing of the packet. 

Optical routing of the packet is initiated at 220. This 
initiation of optical routing occurs contemporaneously With 
the initiation of electronic routing (e.g., the optical routing 
and the electronic routing begin effectively in parallel). The 
optical routing involves determining forWarding information 
based on the routing ?eld in the packet at 230. Such 
forWarding information determination can involve generat 
ing a second electronic signal, comprising the routing ?eld, 
from at least a portion of the optical signal, and checking a 
memory (e.g., a content-addressable memory (CAM)) for 
the forWarding information. 

Alternatively, the determination of forWarding informa 
tion can be done optically by using an optical processing 
device Without any conversion betWeen optical and elec 
tronic signals. One implementation of this optical processing 
device may include one or more optical correlators. An 
optical correlator can be an array of mirrors With tunable 
re?ectivities or an array of Fiber Bragg Gratings. A set of 
tunable optical correlators (e.g., Fiber Bragg Grating Corr 
elators) can be used to recogniZe routing ?elds With speci 
?ed patterns, and these speci?ed patterns can be associated 
With output ports. Since many routers have only a feW output 
ports (e.g., core Internet routers have three to four optical 
output ports), popular entries from a forWarding table can be 
grouped according to output port and used to identify the 
patterns for tuning the optical correlators. The optical cor 
relators can thus function as a routing cache, determining 
forWarding information for an optical packet based solely on 
optical processing of the routing ?eld. 
Once the forWarding information is determined, a deci 

sion is made as to Whether optical forWarding is available at 
240. This decision depends upon Whether the determined 
forWarding information indicates an output optical link for 
forWarding the optical packet (e.g., an entry corresponding 
to the routing ?eld is found in a CAM) and Whether the 
indicated output optical link is available (e.g., no contention 
for a speci?ed output optical link). 

In addition, the decision of optical forWarding availability 
can also involve checking multiple output links. For 
example, the forWarding information can include references 
to a primary output port and an alternate output port, and 
optical forWarding is available if either of these ports is 
available; forWarding the optical signal can then involve 
selecting the primary output port if available, and selecting 
the alternate output port if the primary output port is 
unavailable. 

If optical forWarding is not available, the optical packet is 
dropped at 250; the electronic routing, Which Was initiated 
previously, continues. If optical forWarding is available, the 
initiated electronic routing of the packet is terminated before 
completion of that electronic routing at 260. The optical 
signal de?ning the packet can be optically modi?ed at 270. 
The optical signal, Which de?nes the modi?ed packet, is 
forWarded based on the determined forWarding information 
at 280. 
The modi?cation of the optical signal can involve opti 

cally changing a ?eld in the packet de?ned by the optical 
signal. For example, a ?eld in the packet can be optically 
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replaced, or a time-to-live (TTL) ?eld in the packet (e.g., an 
IP TTL ?eld) can be optically decremented. The TTL ?eld 
can be decremented optically by Zeroing the least-signi?cant 
nonzero bit (the TTL needs to decrease by at least one), and 
optically inverting the trailing bits thereafter in such as Way 
that the ?nal string of x100 . . . 0 of the current TTL ?eld is 
converted to x001 . . . 1.Additional details regarding optical 

decrementing of a TTL ?eld are described beloW in con 
nection With FIGS. 8-11. 

Alternatively, the TTL can be used as an index into a 
memory (e.g., a 256-entry, fast, read-only memory) that 
stores the hard-Wired ones’ complement value of k—1 in 
location k, or copied to electronics and decremented using a 
conventional approach. 

Moreover, a checksum may need to be recomputed elec 
tronically (e.g., in IPv4) based on the modi?ed TTL, or the 
checksum may be ignored. For example, IPv6 omits the 
header checksum; or the checksum can be calculated later. 
The checksum ?eld of the IPv4 packet need not be recom 
puted. Instead, it may be passed along With a special value 
that signals to a subset of the routers in the routing domain 
that the checksum is being temporarily ignored and Will be 
recomputed at the domain’s egress router. For additional 
details regarding such deferred update see U.S. Pat. No. 
5,826,032 entitled “Method and netWork interface logic for 
providing embedded checksums.” 
Any electronics used in the modi?cation operations may 

be pipelined and paralleliZed to accommodate the header 
arrival rate, and optical bit, byte, or Word replacement of 
header data may be performed. 

Thus, a signi?cant portion of incoming optical packets 
can be forwarded Without requiring a full conversion of the 
optical packets to electronic packets and back to optical 
packets, While still alloWing such electronic-based routing as 
a backup. Even in the case of electronic processing of the 
routing ?eld to determine the forWarding information (e.g., 
conversion of a portion of a copy of the optical packet into 
an electronic signal and presentation to a CAM), the routing 
?eld can still be processed at the line rate of the optics. When 
a memory device is used as the routing cache in the optical 
router, this memory can be kept small because the routing 
cache is not required to be complete; the electronic router is 
used as a backup, thus false negatives in the optical router 
are irrelevant. The optical signals can continue ?oWing 
optically using a delay element (e.g., a delay loop) While the 
cache lookup is performed. 

FIG. 3 is a block diagram illustrating an example optically 
boosted router 300. The OBR 300 includes an electronic 
router (base router) 320 and an optical router (optical 
booster) 330. Optical couplers 301 can be connected in the 
input optical signal paths to split optical inputs for use by the 
optical router 330 and the electronic router 320, and the 
optical router 330 and the electronic router 320 can have 
shared output links and/or ports. The electronic router 320 
can include optical components as Well, such as one or more 
optical detectors to convert received optical signals into 
electronic signals. But in general, the optical router 320 
performs its routing operations entirely in the electronic 
domain (e.g., a conventional router implemented in digital 
electronics). Thus, optical packets are converted to elec 
tronic format so that they can be added to a queue While 
lookup operations are performed using a forWarding table 
325. 

The optical router 330 can process packets (e.g., IP 
packets) analogously to the electronic router, While poten 
tially avoiding the time-consuming lookup function, mul 
tiple conversions, queuing, and store and forWard delay in 
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6 
the electronic router. Moreover, the packets can be kept 
entirely in an optical format While forWarding information 
for the packet is determined. An optical packet can be brie?y 
delayed using an optical delay element While forWarding 
information is determined using a routing cache 335 of 
forWarding information. The optical delay element can pro 
vide an optical packet delay corresponding to the time 
necessary to determine Whether the optical packet Will be 
forWarded optically, e.g., a forWarding decision time asso 
ciated With an arbiter, an optical booster, and an optical 
space sWitch for a particular design. Despite the brief delay, 
Which is much smaller than the typical packet delay in the 
electronic router, the optical router 330 can still operate at an 
optical line rate of terabits per second (Tb/ s). 
The routing cache 335 can be electronically based, such 

as a memory (e.g., an associative memory, such as a CAM) 
storing the forWarding information, or the routing cache 335 
can be optically based, such as by using an optical process 
ing device (e.g., one or more optical correlators con?gured 
With the forWarding information). Digital logic can be used 
to read a destination address from an optical packet and 
submit the address to the routing cache 335. Destination 
addresses frequently exhibit a high degree of temporal 
locality, such as is common in IP netWorks, often achieving 
hit rates above 90% With modest cache siZes and simple 
cache-replacement policies. The routing cache 335 enables 
optical packet forWarding based on forWarding information 
derived from the forWarding table 325. 

Optical packets are provided to both the electronic router 
320 and the optical router 330 on one or more optical input 
links 310 (e.g., the optical packets can be split optically), and 
the optical packets are forwarded on tWo or more optical 
output links 312. The optical links 310, 312 can correspond 
to separate physical channels (e.g., optical ?bers). If the 
electronic router 320 has multiple high-speed (Tb/s) optical 
interfaces, the optical router 330 can be inserted into the path 
of these interfaces. In some implementations, the optical 
links 310, 312 Would all have the same data rate, signal 
format, and maximum frames siZe (fragmentation should be 
avoided). Moreover, the electronic router 320 can also use 
nonoptical links 315, and only a subset of the electronic 
router’s links may be boosted using the optical router. 
The electronic router 320 and the optical router 330 

exchange control and routing information. The degree of 
integration betWeen the electronic router 320 and the optical 
router 330 can be kept to a minimum, but generally involves 
a coupling such that the tWo subsystems can coordinate 
packet-deletion signals With each other as Well as the 
exchange of forWarding information (e.g., routing-table 
information). For example, a signaling interface 337 
betWeen the optical router 330 and the electronic router 320 
can be a simple, fast parallel link that supports a small set of 
commands, such as “discontinue the processing of the 
current packet because of cache hit Without contention,” 
“continue the processing of the current packet because of 
cache hit With contention,” and “continue the processing of 
the current packet because of cache miss.” Moreover, 
because the routers 320, 330 share output links and the 
electronic router 320 defers to the optical router 330 When 
sending a packet, the optical router 330 can signal to the 
electronic router 320 When an output link is in use and not 
in use. Digital logic can be used to decide Whether an 
address is included in the routing cache 335 and Whether to 
notify the base router 320 that an incoming packet With a 
matching address is to be handled by the optical router 330. 

Thus, the optical router can be built as an add-on com 
ponent to existing electronic routers With minor redesign of 
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router control interfaces for the existing electronic routers. A 
netWork may be upgraded router by router, rather than as a 
Whole. Aproper subset of router links may be boosted, at the 
discretion of a netWork operator, Without requiring neW 
protocols or affecting interoperability. Such resulting 
enhanced routers operate like the existing routers, except 
that the forwarding speed is increased substantially. 

The optical router 330 supports a much higher forwarding 
rate than the electronic router 320 and incorporates an 
optical space sWitch 332 that sWitches packets among the 
inlets and outlets of the router 300. When the packets can be 
different lengths, such as in IP, the sWitch should be capable 
of asynchronous operation. If the routing cache hit rate of 
the incoming packet stream is high, then a large fraction of 
the input packet stream is offered to this optical sWitch. Such 
optically sWitched packets need not be forWarded by the 
electronic router 320, and their processing in the electronic 
router 320 is terminated. Packets that cannot be forWarded 
by the optical router 330 are dropped, since they are already 
being handled by the electronic router 320. 

FIG. 4 is a block diagram illustrating components of an 
example optically boosted router 340. An electronic router 
converts incoming optical packets using an optoelectronic 
converter 350 and stores the electronic packets in one or 
more packet bulfers 355. A forWarder component 360 per 
forms lookup operations using a forWarding table and con 
trols an electronic sWitch 365 to direct electronic packets to 
an appropriate output packet buffer 370. The electronic 
packets are then converted back to an optical format using 
optoelectronic converters 375. 

An optical router converts at least a portion of incoming 
optical packets (e.g., a routing ?eld) using an optoelectronic 
converter 380. A forWarder 385 then determines forWarding 
information using an associative memory, such as a com 
modity CAM (e.g., a small CAM having one to eight 
kilobytes of entries). The associative memory can reproduce 
entries of the full forWarding table and provides either the 
identity of the outgoing interface for an optical packet or an 
indication that forWarding information for the packet is not 
present in the associative memory. 

If forWarding information for the packet is not present in 
the associative memory, the optical router ignores the packet 
and alloWs the electronic router to handle the packet. More 
over, the indication can be an af?rmative indication of the 
lack of forWarding information, Which can be used in a 
forWarding information update scheme for the associative 
memory. 

When the forWarding information is present, the packet 
can be passed to a nonblocking optical space sWitch 390 
(e.g., a 1x2 lithium niobate (LiNbO3) device) that attempts 
delivery to the correct output link. Additionally, the for 
Warder 385 communicates With the electronic router to 
terminate its processing of the packet being passed to the 
nonblocking optical space sWitch 390, after a lack of con 
tention has been determined. As CAM and optical space 
sWitch technology improves, the systems and techniques 
described should also become more economical. Moreover, 
memory accesses performed in the optical router can be 
paralleliZed and/ or pipelined; additional CAMs can be added 
to alloW parallel processing of packets, thereby increasing 
the throughput of the optical router. 

In some implementations, a set of packets may be sub 
mitted simultaneously to the sWitch 390, and in this case, 
more than one packet might need to be sWitched to the same 
outlet. Such contention for outlets can be handled by drop 
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ping all but one of the contending optical packets, and 
alloWing the dropped optical packets to be fully processed 
by the electronic router. 

FIG. 5 is a functional block diagram illustrating compo 
nents of an optically boosted router. Optics are shoWn in 

green m electronics are shoWn in broWn m data How is 
shoWn With solid arroWs, and control How is shoWn With 
dashed arroWs. Router functionality can be distributed 
among multiple line cards 410 and a sWitching fabric 415. 
When a packet arrives on a link, the packet can be replicated 
physically so that tWo identical copies are fed in parallel to 
the electronic and optical subsystems, until one of the copies 
is dropped or terminated and the other alloWed to proceed 
and be forWarded to a next hop. 

For example, a destination IP address can be read by the 
optical router, latched, and presented to a routing cache 420. 
Reading the address involves parsing the packet header at 
line rate to locate the address and converting the address 
from its native optical format to an electronic format. To 
enable line-rate parsing, parts of the packet header can be 
encoded at a loWer bit rate than the main portion of the 
packet. If the sought-after address is not in the routing cache 
420, then the optical signal de?ning the packet can be 
dropped (i.e., deleted), and the copy of the packet in the 
electronic router is alloWed to proceed through. If the 
address is found in the routing cache 420, then an arbiter 425 
determines Whether the desired output is in use or is sought 
by another input packet. If the arbiter ?nds no contention, 
the sWitch fabric 415 is con?gured so that the packet’s inlet 
and outlet are physically bridged; the packet is effectively 
forWarded to its next hop Without optoelctronic conversion, 
and the copy of the packet in the electronic router is 
terminated. If the arbiter 425 detects contention for the 
output, then all but one of the contending packets are deleted 
from the optical router and alloWed to survive in the elec 
tronic router, Where they Will be forWarded to their next hop 
routers. The arbiter 425 should be capable of making the 
output link availability determination and con?guring the 
optical space sWitch Within the timing constraints of the 
packet arrivals (e.g., the arbiter may need to operate at a 
speed of 6.25 GHZ). 

FIG. 6 is a block diagram illustrating components of an 
example optically boosted router. When an electronic router 
450 includes multiple high-speed optical interfaces, then the 
optical router can be inserted into the path of those interfaces 
as shoWn. The optical router maintains incoming packets in 
an entirely optical format using a dual-fabric approach as 
described, Which creates an all-optical channel as Well as the 
base electronic router’s default optoelectronic channel. 
Potentially undesirable side-effects of this approach, such as 
out-of-order delivery, can be mitigated by simple 
Workarounds, such as by increasing the amount of forWard 
ing information that can be handled by the routing cache. 
The optical router can be implemented as multiple com 

ponents: a booster module 440 for every input interface 
being boosted, an arbiter 445, and an optical space sWitch 
455. The booster module 440 can include an optoelectronic 
element capable of reading an IP destination address, a fast 
memory containing a cache of routes for recently seen 
destination addresses and a 1x2 lithium niobate (LiNbO3) 
optical space sWitch. The arbiter 445 resolves contention for 
sWitch resources. The optical space sWitch 455 can be an 
N><N LiNbO3 sWitch, Where N is the number of links being 
optically boosted. 

FIG. 7 is a block diagram illustrating components of an 
example booster module for use in an optically boosted 
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router, such as shown in FIG. 6. When a packet enters the 
system, the optical signal is split into tWo copies. One copy 
passes through an optoelectronic converter 460 While the 
other passes through an optical delay element 480 (e.g., a 
distance-based delay element or a materials-based delay 
element). The optoelectronic converter 460 converts the 
destination address of the packet to an electronic form, 
latches it, and presents it to a CAM 465. The CAM 465 looks 
up the address and returns the identity of the outgoing 
interface for that address, if it appears in the CAM. 
When addresses hit in the CAM, the arbiter is signaled on 

an output line 470 to determine if the output link is available. 
If the output link is available (as indicated by the arbiter on 
input line 475), and if there Was a hit in the CAM, then a 
sWitching element 485 (e.g., a 1x2 LiNbO3 optical space 
sWitch) in the booster module is con?gured to sWitch the 
packet to the main optical space sWitch. If the output link is 
unavailable, or if there Was a miss in the CAM, then the 
sWitching element 485 is con?gured to drop the packet. 
As discussed previously, multiple output links (a primary 

and an alternate) may be used When an address hits in the 
routing cache. As tra?ic increases, output port contention 
can increase, Which can signi?cantly decrease the through 
put ef?ciency of the optically boosted router. AlloWing the 
optical packets contending for the same outlet to choose a 
second, alternate outlet from the routing cache can reduce 
contention. These alternate outlets might lead to longer 
routes than Would the primary outlet, but the cost is often 
less than continuing to send the packet through the base 
router. A risk of going through the base router, especially 
under high loads, is that congestion in the buffers Will cause 
packets to be dropped, Which carries a high penalty for many 
protocols (e.g., Internet end-to-end protocols). 

The base router can determine both a primary and an 
alternate route for every address in its routing table and 
communicate both routes to the routing cache. The process 
of sWitching in the optical router then becomes a tWo-stage 
event. In the ?rst stage, arriving packets are sWitched to their 
outlets. Some packets Will have sole access to the outlet and 
some Will contend With other packets for an outlet. Once the 
arbiter determines exactly Which of the contending packets 
is granted access to the outlet and Which of them is to be 
turned aWay, the second stage may begin. 

Remaining packets are then submitted to their alternate 
routes. After submission, some of the packets might actually 
?nd themselves tentatively sWitched to those outlets that 
already have been granted to the successful packets of stage 
one; these tWice-preempted packets are then dropped. The 
surviving packets are sent to their alternate, open outlets, 
and some of these packets might experience contention With 
each other. Such contention is resolved just as in stage one, 
and those that are preempted in stage tWo are dropped as 
Well. 

The systems described above generally require careful 
timing analysis during design and fabrication. Accurate and 
precise timing should be used in choreographing the move 
ment of packets and in coordinating the control actions. In 
certain implementations, cache lookup and sWitch control in 
the optical router should be completed in less than a critical 
minimum-siZe-packet time (e.g., 160 ps for IP packets), so 
that a succeeding packet can be served Without competing 
for these resources. This may be achieved by the use of 
parallel hardWare. 

Updating a routing cache in an optical router can be 
performed using traditional route cache update schemes. For 
example, the routing cache replacement policy can be a 
?rst-in-?rst-out (FIFO) replacement or a random replace 
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ment. In the FIFO scheme, a missed entry is read from the 
forWarding table into the routing cache such that the oldest 
entry in the cache is replaced. In the random scheme, the 
missed entry is placed into a random location of the cache. 
In general, the routing cache is maintained With the most 
commonly used forWarding information from the full for 
Warding table and also corresponding identities of the output 
links over Which packets are to be forWarded. Routing cache 
updates can be performed as single entry updates (e.g., 
updates done serially, such as in order of packet arrival) or 
batch updates (e.g., updates done at regular intervals in 
batches corresponding to the most-recent missed packets). 
Additional mechanisms for populating the routing cache 
may also be used, such as by the use of X/Y classi?ers. 
Not all of the addresses in the forWarding table Will need 

to be cached. For example, only destination addresses that 
use an outgoing link to Which the optical router is connected 
may be represented in the routing cache. Multicast addresses 
and addresses that correspond to the router itself, such as an 
endpoint of an IP tunnel, can be ignored. 

FIG. 8 shoWs a conceptual diagram of an optical TTL 
decrement module 520. Packets With TTL ?elds Within the 
header (not necessarily at the start of the header, but con 
tained Within the header With a 1-bit guard time before the 
TTL to ensure proper timing) enter a sWitching node and the 
TTL module. If the TTL value of an incoming packet is 
nonZero, the module decrements the TTL by one and the 
packet continues through the sWitching node. If the TTL of 
the incoming packet is Zero, the packet is dropped. 
The binary subtraction process occurs as folloWs: for any 

arbitrary starting binary value (e.g., 11010000), subtracting 
“1” results in each successive bit (from the least-signi?cant 
bit to the most-signi?cant-bit (LSB-to-MSB)) being inverted 
(due to the “borroWing” that takes place during subtraction) 
until such time as a “1” bit is encountered. As there is no 
need to “borroW” When subtracting from a “1” bit, no further 
bits are inverted. Thus the algorithm is simple4once the 
TTL begins, invert each bit, starting With the LSB, until a 
“1” bit is encountered. Invert the “1” bit, then stop. This 
inversion can be done by replacing the data With its conju 
gate, stopping after the ?rst “1” bit, as shoWn in FIG. 9. 

FIG. 9 shoWs binary subtraction 540 via insertion of 
conjugate data. FIG. 10 shoWs an example setup of an 
optical TTL decrement module 560. An incoming data 
packet, With an 8-bit TTL ?eld, is ampli?ed and split into 
three branches. The middle branch is the “data” sent to the 
“data” periodically-poled lithium-niobate (PPLN) 
Waveguide. The top branch is transmitted through a 3-port 
optical circulator and then through an optical inverter, such 
as a semiconductor optical ampli?er (SOA), to create an 
inverted copy of the data stream (“databar”) via gain satu 
ration With an extinction ratio >10 dB. The bottom branch of 
the input data stream is sent to a receiver and the resulting 
signal is used (after an OR gate) as the clock input to a 
D-?ip-?op that selects Which of the data streams (“data” or 
“databar”) is used at any given moment by controlling the 
PPLN Waveguide pumps. 

Using a cascaded X(2):X(2) process, the PPLN Waveguides 
ef?ciently perform dilference-frequency-generation (DFG) 
and k-shift an input signal to a neW Wavelength. By modu 
lating the PPLN Waveguide pumps appropriately, an appro 
priate one of the tWo PPLN Waveguides to be k-shifting its 
input signal is controlled. The system uses a single D-?ip 
?op, Where the “Q” output controls the “databar” pump 
modulator and the “Qbar” output controls the “data” pump 
modulator, guaranteeing that only one of the tWo data 
streams Will be k-shifted at any given time. FIG. 11 shoWs 
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example optical spectrum 580 at the output of periodically 
poled lithium-niobate Waveguides. This optical spectrum 
shows the input, pump, and DFG-generated k-shifted out 
put. “Databar” is shifted to A2 only When the TTL-modi? 
cation algorithm requires the conjugate data at the output, 
and “data” is shifted all other times. 

A synchronization pulse, Which may be provided using 
optical preamble detection, signals to the electronics the 
start of the TTL ?eld and sets the “Q” output of the ?ip-?op 
to “1”, resulting in “databar” being k-shifted by the ?rst 
PPLN Waveguide, and shuts off the pump to the “data” 
PPLN. The ?rst “1” bit in the incoming packet data acts as 
a “clock” input to the ?ip-?op, resetting the “Q” output to 
Zero, Which shuts off the pump to the “databar” PPLN, 
beginning k-shifting of the “data” stream to A2. 

After ?ltering out everything save k2, the tWo synchro 
niZed k-shifted signals are combined by a coupler and the 
result is a TTL-modi?ed k2 output. The “Q” signal can also 
be used to control a sWitch that drops a packet When the TTL 
is Zero. As any “1” bit in the TTL ?eld Will cause the “Q” 
output to reset to “0”, a decision circuit can test “Q” 
immediately after the TTL ?eld has passed. Only if all TTL 
bits are Zero Will the “Q” output be high after the TTL has 
passed. This decision output can be used to reset the ?ip-?op 
and drive an optical sWitch (or other module) that drops the 
packet. In addition, as any packet With a nonZero TTL Will 
stop shifting “databar” and begin shifting “data” by the end 
of the TTL ?eld, no guard time betWeen the end of the TTL 
and the rest of the packet is required. 

Thus, the example optical TTL decrementing module can 
act upon a standard NRZ-modulated 8-bit binary TTL ?eld 
and can use gain saturation in a SOA and DFG in a PPLN 
Waveguide to perform the TTL decrementing function. If the 
TTL value on entering the module is “0”, the packet is 
dropped from the netWork, else the TTL ?eld is decremented 
by one and passes through. This technique is independent of 
the TTL length, does not require the use of ultrashort optical 
pulses, requires no guard time betWeen the end of the TTL 
?eld and the packet data, has >10 dB extinction ratio, Works 
for both NRZ and RZ data, has only a 2.4 dB poWer penalty, 
and using a decision circuit can generate a signal that drops 
a Zero TTL packet. 

The optically boosted router described above increases 
throughput by sending some of the base router’s incoming 
packets through a loW-latency optical booster capable of 
forWarding at very high speed. A certain portion of the 
incoming packets are not able to pass through the booster, 
because either their destination addresses are not in the 
fast-lookup routing cache or they experience contention at 
an outlet of the optical sWitch. Thus, cache hit rate and 
output-port-contention probability are important factors in 
determining performance. The hit rate is determined by the 
traf?c characteristics, the routing cache siZe, and the replace 
ment policy for neWly accessed addresses. The contention 
probability is in?uenced by the sWitch siZe and structure. 

With appropriate implementation for a given netWork, the 
optically boosted router can push most packets through its 
optical component Without any electronic encumbrance, and 
do this for a high percentage of packets, While the electronic 
routing is maintained as a backup. This hybrid, or dual 
fabric approach creates an all-optical (or at least e?fectively 
all-optical) channel to complement the base router’s default 
optoelectronic channel. By diverting a substantial fraction of 
packets aWay from the default optoelectronic channel and 
onto the all-optical channel, overall throughput and latency 
are enhanced. 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

12 
The logic ?oWs depicted in FIG. 2 does not require the 

particular order shoWn, or sequential order, to achieve 
desirable results. In certain implementations, parallel pro 
cessing may be preferable. Other embodiments may be 
Within the scope of the folloWing claims. 
What is claimed is: 
1. A system comprising: 
a base router having a forWarding table and being coupled 

With optical links in a connectionless packet-sWitched 
network; 

an optical packet forWarding booster coupled With an 
input optical link of the base router such that the optical 
booster processes an optical packet at a line rate of the 
input optical link contemporaneously With the base 
router processing the optical packet, the optical booster 
including a routing cache of forWarding information 
derived from the forWarding table; 

an optical space sWitch coupled With the optical booster 
such that the optical space sWitch sWitches optical 
packets among the optical links of the base router; and 

a signaling interface coupled betWeen the base router and 
the optical booster such that processing of the optical 
packet in the base router is terminated When an indi 
cation that the optical packet is being forWarded by the 
optical booster is received by the base router. 

2. The system of claim 1, further comprising an arbiter 
coupled With the optical booster, the optical space sWitch 
and With the signaling interface, to resolve contention for 
output optical links. 

3. The system of claim 2, Wherein the optical booster 
further comprises an optical delay element providing an 
optical packet delay corresponding to a forWarding decision 
time associated With the arbiter, the optical booster, and the 
optical space sWitch. 

4. The system of claim 3, Wherein the optical booster 
further comprises digital logic to read an address in the 
optical packet and submit at least a portion of the address to 
the routing cache. 

5. The system of claim 4, Wherein the routing cache 
comprises a content-addressable memory. 

6. The system of claim 3, Wherein the optical space sWitch 
comprises a nonblocking, asynchronous optical space 
sWitch. 

7. The system of claim 3, Wherein the connectionless 
packet-sWitched netWork comprises an lntemet Protocol 
netWork. 

8. A method comprising: 
receiving an optical signal de?ning a packet of data; 
duplicating the packet in the optical signal; 
initiating electronic routing of the packet, the electronic 

routing comprising converting the optical signal to an 
electronic signal, identifying a routing ?eld in the 
packet, and forWarding the packet based on the routing 
?eld and a forWarding table; and 

initiating optical routing of the packet, the optical routing 
comprising determining forWarding information based 
on the routing ?eld in the packet, and if optical for 
Warding is available, 
terminating the electronic routing of the packet before 

completion of the electronic routing, and 
forWarding the optical signal, Which de?nes the packet, 

based on the determined forWarding information. 
9. The method of claim 8, Wherein determining forWard 

ing information comprises: 
generating a second electronic signal, comprising the 

routing ?eld, from at least a portion of the optical 
signal; and 

checking a memory for the forWarding information. 
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10. The method of claim 8, further comprising, if the 
forwarding information indicates availability of optical for 
warding, optically modifying the optical signal de?ning the 
packet before forwarding the optical signal. 

11. The method of claim 10, wherein optically modifying 
the optical signal de?ning the packet comprises optically 
decrementing a time-to-live ?eld in the packet. 

12. The method of claim 10, wherein optically modifying 
the optical signal de?ning the packet comprises optically 
replacing a ?eld in the packet. 

13. The method of claim 8, wherein the forwarding 
information comprises references to a primary output port 
and an alternate output port, and wherein forwarding the 
optical signal comprises: 

selecting the primary output port if available; and 
selecting the alternate output port if the primary output 

port is unavailable. 
14. A method comprising: 
inserting an optical router into paths of multiple high 

speed optical interfaces of an electronic router; and 
coupling the optical router with the electronic router such 

that the electronic router processes an optical packet in 
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parallel with the optical router and functions as a 
backup forwarding device for the optical router; 

wherein the electronic router processes a converted dupli 
cate of the optical packet processed by the optical 
router. 

15. The method of claim 14, wherein coupling the optical 
router with the electronic router further comprises coupling 
the optical router with the electronic router such that the 
electronic router provides routing cache updates to the 
optical router, and terminates processing of an optical packet 
when an indication that the optical packet is being forward 
by the optical router is received. 

16. The method of claim 14, wherein the converted 
duplicate of the optical packet comes from an optically split 
optical signal. 

17. The method of claim 8, wherein duplicating the packet 
comprises optically splitting the optical signal. 


